The 2009 H1N1 lineage represented the first detection of a novel, highly transmissible influenza A virus genotype: six gene segments originated from the North American triple-reassortant swine lineage, and two segments, NA and M, derived from the Eurasian avian-like swine lineage. As neither parental lineage transmits efficiently between humans, the adaptations and mechanisms underlying the pandemic spread of the swine-origin 2009 strain are not clear. To help identify determinants of transmission, we used reverse genetics to introduce gene segments of an early pandemic isolate, A/Netherlands/602/2009 [H1N1] (NL602), into the background of A/Puerto Rico/8/1934 [H1N1] (PR8) and evaluated the resultant viruses in a guinea pig transmission model. Whereas the NL602 virus spread efficiently, the PR8 virus did not transmit. Swapping of the HA, NA, and M segments of NL602 into the PR8 background yielded a virus with indistinguishable contact transmissibility to the wild-type pandemic strain. Consistent with earlier reports, the pandemic M segment alone accounted for much of the improvement in transmission. To aid in understanding how the M segment might affect transmission, we evaluated neuraminidase activity and virion morphology of reassortant viruses. Transmission was found to correlate with higher neuraminidase activity and a more filamentous morphology. Importantly, we found that introduction of the pandemic M segment alone resulted in an increase in the neuraminidase activity of two pairs of otherwise isogenic PR8-based viruses. Thus, our data demonstrate the surprising result that functions encoded by the influenza A virus M segment impact neuraminidase activity and, perhaps through this mechanism, have a potent effect on transmissibility.
T he 2009 influenza pandemic was caused by an H1N1 subtype influenza A virus that originated in the swine reservoir. Although swine influenza viruses, including H1N1 subtype strains, are occasionally detected in humans who have had direct contact with pigs, these are most often isolated events which do not lead to sustained human-to-human spread (1) (2) (3) (4) (5) (6) . Clearly, the 2009 pandemic H1N1 influenza A viruses transmit with significantly greater efficiency among humans than do swine influenza isolates. Given that all eight gene segments of the pandemic strain derive from influenza A viruses that have been circulating in swine for at least 10 years, this raises the important question of what viral factors permit efficient human-to-human transmission. One novel feature of the 2009 pandemic virus which appears to play a role is the presence of two gene segments from the avian-like Eurasian swine lineage in the context of a North American triple reassortant swine virus background (7) (8) (9) (10) (11) (12) .
Efforts over recent several years to identify the viral factors required for spread of influenza A virus between mammals have revealed that transmissibility is a complex, multigenic trait. The receptor binding specificity (13, 14) and the acid stability (15, 16) of the hemagglutinin (HA) glycoprotein appear to be important factors, and the viral polymerase complex has been seen to contribute to the transmission phenotype (17, 18) . Nevertheless, it has also been shown that neither an HA protein which binds human type receptors nor viral replication machinery (as encoded by the 6 internal genes) adapted to growth in human cells is sufficient to support transmission of influenza viruses between ferrets (19) . To date, the set of viral traits sufficient to give rise to a fully transmissible phenotype in humans has yet to be identified. Previous studies on the 2009 pandemic strain suggest that determinants residing in the M segment (9, 11, 12) , which encodes the matrix (M1) and proton channel (M2) proteins, as well as the NA gene (10) (11) (12) , which encodes the neuraminidase (NA) protein, contribute to transmissibility.
The matrix protein forms a structural layer under the viral envelope through interaction with the viral glycoproteins HA and NA (20, 21) and is thought to subsequently recruit the viral ribonucleoprotein (vRNP) complexes during assembly (20) (21) (22) . M2 is a transmembrane channel protein that is involved in (i) membrane scission during viral egress (23) ; (ii) acidification of the virion during viral entry, which leads to release of vRNPs from the M1 protein (24) (25) (26) (27) ; and (iii) preventing premature conformational change of specific hemagglutinin proteins in the Golgi complex, mediated through control of the pH within this organelle (24, 25, 27) . Both M1 and M2 have been identified as determinants of influenza virion morphology (28) (29) (30) (31) (32) (33) , and point mutations in either protein can convert an exclusively spherical influenza virus (approximately 200 nm diameter) to one that produces a mixture of spheres and filaments (which can be greater than 1 m in length) and vice versa (28) (29) (30) (31) (32) (33) (34) . As clinical isolates of influenza A virus overwhelmingly include some percentage of filamentous virions and laboratory adaptation frequently results in the generation of strains with an exclusively spherical morphology (29, 34) , an understanding of the biological relevance of filamentous influenza A virus particles has long been sought.
Hemagglutinin mediates attachment to host cells via binding to glycans possessing terminal sialic acid moieties and, following virion endocytosis, fusion between host and virion membranes (35) . Neuraminidase has a complementary function to HA in that it is the receptor-destroying enzyme. NA cleaves sialic acids from host and virion surfaces to facilitate release of progeny virus (35) . NA is also presumed to act on sialic acid-rich mucins that line target epithelia, which would otherwise prevent infection by competing with the cellular receptor for the HA binding site (36) . Due to their opposing functions, the HA and NA proteins encoded by a given influenza virus are required to be in balance to achieve high viral fitness (37) . A loss of HA/NA balance can occur through (i) reassortment involving either, but not both, of these genes (38) ; (ii) infection of a new tissue or host species, where sialic acids on cells or mucins may differ in type and distribution (39); (iii) a change in HA affinity/avidity due to the acquisition of antibody escape mutations (37, (40) (41) (42) ; or (iv) the presence of pharmaceutical neuraminidase inhibitors in the host (43) . In each of these cases, studies have demonstrated that selective pressure on the virus can result in realignment of HA and NA functions such that viral attachment and release are not compromised. Typically, this realignment is achieved through direct modification of HA or NA. Observation of reassortant viruses suggests a greater level of complexity exists; however, alternative mechanisms for modulating HA-NA balance have not been explored in detail.
The HA and NA proteins have been found to be important to influenza virus transmission in a number of contexts (10, 44) . Unexpectedly, the M segment was also found to be highly important to the transmissibility of the 2009 pandemic strain (9, 11, 12) . Therefore, we formed the hypothesis that M1 and/or M2 proteins can alter HA/NA balance through effects on one or both glycopro-teins. We tested this hypothesis through the examination of PR8based viruses carrying combinations of the HA, NA, and/or M segments of the A/NL/602/09 (NL602) pandemic isolate. We confirmed that the M and NA gene segments of the NL602 virus contribute to transmissibility and also found a requirement for a cognate HA segment for optimal transmissibility. Among the reassortant viruses tested, efficient transmission among guinea pigs was found to correlate with increased neuraminidase activity. Surprisingly, changes to the M segment were sufficient to alter neuraminidase activity markedly, suggesting a mechanism by which M1 and/or M2 affects transmission. Finally, our data implicate changes to virion morphology as a mechanism by which M1 and/or M2 affects the functionality of NA.
MATERIALS AND METHODS
Ethics statement. This study was performed in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (45) . Animal husbandry and experimental procedures were approved by the Emory University Institutional Animal Care and Use Committee (IACUC protocol 2001001 071214GA).
Cells. Madin-Darby canine kidney (MDCK) cells were maintained in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin. 293T cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS. Human tracheobronchial epithelial (HTBE) cells were purchased from Lonza and cultured on transwell filters at an air-liquid interface with basal epithelial growth medium (BEGM) supplied to the basolateral chamber, essentially as directed by the manufacturer.
Guinea pigs. Female, Hartley strain guinea pigs weighing 300 to 350 g were obtained from Charles River Laboratories. Prior to intranasal inoculation, nasal lavage, or CO 2 euthanasia, guinea pigs were sedated with a mixture of ketamine and xylazine (30 and 2 mg/kg of body weight, respectively). Inoculation and nasal lavage were performed as described previously (46) , with phosphate-buffered saline (PBS) as the diluent/collection fluid in each case.
Viruses. A/Puerto Rico/8/1934 (H1N1) (PR8)-and A/Netherlands/ 602/2009 (H1N1) (NL602)-based viruses were recovered by reverse genetics by following standard procedures (18, 47) . Briefly, 8 plasmid rescue systems based on pDZ for PR8 and pHW for NL602 (48, 49 ) (a kind gift of Ron Fouchier) were used to transfect 293T cells. The pHW NL602 reverse genetic-derived clones were identical to the consensus sequence present in the original clinical specimen of virus (49) . One day after transfection, 293T cells and associated medium were collected and injected into 9-to 11-day-old embryonated hens' eggs. Stock titers were determined by plaque assay on MDCK cells.
Immunostaining of plaques. Characterization of plaque phenotypes on MDCK cells was performed as described previously (50) . For immunostaining, polyclonal guinea pig anti-PR8 serum (raised in house) was used as the primary antibody, horseradish peroxidase (HRP)-linked antiguinea pig IgG (Invitrogen) was used as the secondary antibody, and TruBlue (KPL) peroxidase substrate was used for staining.
Multicycle growth experiments. MDCK cells were infected at a multiplicity of infection (MOI) of 0.002 PFU/cell. Following a 45-min incubation at 37°C, inoculum was removed and monolayers were washed with PBS. Dishes were then incubated at 37°C, and samples of growth medium were collected at 1, 12, 24, 48, and 72 h postinfection (hpi). Titers were determined by plaque assay on MDCK cells.
HTBE cells were washed with PBS to remove mucus and then infected at an MOI of 0.001 PFU/cell by adding virus in a 100-l volume of PBS to the apical surface and incubating at 37°C for 45 min. The inoculum was then removed and the cells washed with PBS. At 1, 12, 24, 48, and 72 hpi, virus was collected from the apical surface of the cells by adding 200 l PBS, incubating at 37°C for 30 min, and then transferring the 200 l PBS to a tube. Titers were determined by plaque assay on MDCK cells. Transmission experiments. To evaluate transmission, four guinea pigs were inoculated intranasally with 10 3 or 10 2 PFU of virus in 300 l PBS. At 24 h postinoculation, each infected animal was placed in the same cage with one naive guinea pig. The four cages were then placed within an environmental chamber (Caron 6040) set to 20% relative humidity and 10°C. Standard rat cages with wire tops were used. Nasal washes were collected from all 8 guinea pigs on days 2, 4, 6, and 8 postinfection as previously described (46) . Electron microscopy. (i) TEM and scanning electron microscopy (SEM). For imaging of virions, MDCK cells were infected at an MOI of 5. Eighteen h postinfection, cells were fixed with 2.5% glutaraldehyde, postfixed with 1% OsO 4 and 1.5% potassium ferrocyanide, rinsed with distilled water, and dehydrated through a series of ethanol washes. For transmission electron microscopy (TEM), monolayers were embedded in Eponate 12 resin, thin sectioned at 70 nm, and stained with 5% uranyl acetate and 2% lead citrate at the Emory Robert P. Apkarian Integrated Electron Microscopy Core. After sample preparation, grids were imaged using a Hitachi H-7500 transmission electron microscope and attached charge-coupled device (CCD).
For SEM, the chips underwent critical point drying in a Polaron E-3000 unit and were fixed to aluminum stubs, coated with 20 nm of
FIG 2 Growth kinetics of reassortant influenza viruses in differentiated HTBE
cells. HTBE cells were infected at a low MOI (0.001) with recombinant PR8, NL602, or PR8/NL602 reassortant viruses (as indicated) and incubated at 37°C in 5% CO 2 for 96 h. Released virus was collected from the apical surface of differentiated cells and enumerated by plaque assay at the indicated time points.
FIG 3
Growth kinetics and contact transmission of reassortant influenza viruses in guinea pigs. Guinea pigs were inoculated with 1,000 PFU of PR8, NL602, or PR8/NL602 reassortant viruses, as indicated, and viral titers in nasal wash, collected every 2 days postinfection from either inoculated (dashed lines) or contact-exposed (solid lines) animals, were determined by plaque assay. Each graph represents data from duplicate experiments, conducted at 10°C and 20% relative humidity, except one experiment in panel C, which was performed at 10°C and 75% relative humidity; in this case, all 4 exposed animals were infected on day 6 postinfection. chromium, and imaged using a Topcon DS130F scanning electron microscope.
Alternatively, to obtain negatively stained images of virions, 10-day-old embryonated eggs were infected with 1,000 PFU of the relevant virus. Fortyeight h postinfection, allantoic fluid was collected, and following sucrose cushion purification, virions were dialyzed and stained with 1% aqueous methyl tungstate at the Emory Robert P. Apkarian Integrated Electron Microscopy Core. After sample preparation, grids were imaged using a Hitachi H-7500 transmission electron microscope and attached CCD.
(ii) TEM particle counts. Virions within TEM fields were counted at a magnification of 30,000 to 40,000ϫ. For each virus, between 178 and 845 virions (negatively stained TEM samples) and 53 and 239 virions (cellassociated virion TEM) were counted. Filaments were defined as being equal to or greater than 300 nm in length, and no more than 200 nm in cross section, along 90% of the virion length. Virions shorter than 300 nm in length were defined as spheres. From these counts, the percentage of spherical and filamentous virions was calculated. The difference in proportions test was used to determine if the proportion of virions that were filamentous was significantly different from that of the wild type. Results were considered significant if P Ͻ 0.05.
Neuraminidase activity. To assess the neuraminidase activity associated with each virus, enzyme kinetic data on each virus was obtained essentially as described by Peiris and coworkers (10) . Briefly, neuraminidase kinetics were determined by incubation of virus preparations with the fluorogenic sialoside MUNANA at final concentrations of 1.12 to 150 M in a total volume of 100 l. Fluorescence was detected using a BioTek Synergy H1 plate reader every minute for 1 h, and the linear slopes of the resultant fluorescence curves were fit to the Michaelis-Menten nonlinear regression algorithm for enzyme kinetics modeling. Virus input concentrations were normalized to PFU and confirmed to be of approximately equal numbers of virions by NP RNA copy number, as determined by quantitative reverse transcription-PCR (qRT-PCR) of extracted viral RNA.
RESULTS
In vitro characterization of recombinant viruses. Using reverse genetics, a set of seven reassortant viruses was generated. The set comprised the recombinant wild-type PR8 (rPR8) and NL602 viruses and five reassortants thereof: PR8 NL602 M, PR8 NL602 NA, PR8 NL602 MϩNA, PR8 NL602 HAϩNA, and PR8 NL602 MϩNAϩHA (Fig. 1A) . Initial characterization of these viruses was performed in MDCK cells. Plaque assays showed clear plaques for all of the recombinant viruses: those carrying the NL602 HA FIG 4 Growth kinetics and contact transmission of reassortant influenza viruses in guinea pigs. Guinea pigs were inoculated with 100 PFU of PR8, NL602, or PR8/NL602 reassortant viruses, as indicated, and viral titers in nasal wash, collected every 2 days postinfection from either inoculated (dashed lines) or contact-exposed (solid lines) animals, were determined by plaque assay. segment (including the wild-type rNL602 virus) were found to form smaller plaques than viruses carrying the PR8 HA segment (Fig. 1B) . All recombinant viruses also replicated well in multicycle growth experiments in MDCK cells (Fig. 1C ). Mirroring the trend in plaque morphologies, the rPR8 virus grew to the highest titers and the rNL602 virus grew to the lowest titers from a low multiplicity of infection (MOI). Although the differences among the reassortant strains were small, the MDCK growth phenotypes appeared to map to the HA segment. To confirm that the recombinant NL602 virus was not attenuated due to artifactual errors in the genome, its growth in MDCK cells was compared to that of the biological NL602 isolate (Fig. 1D) . The results indicated similar growth for rNL602 and biological NL602 viruses, with the titers of the biological NL602 being slightly lower (perhaps due to some components of this quasispecies).
Viral growth was then assessed in a more relevant substrate: fully differentiated human tracheobronchial epithelial (HTBE) cells cultured at the air-liquid interface. In this system, the rNL602 virus showed very robust growth (peaking at 1.4 ϫ 10 8 PFU/ml after 48 h), and the laboratory-adapted rPR8 strain showed relatively poor growth (100-to 1,000-fold lower titers than rNL602 virus) (Fig. 2) . The growth of the PR8-NL602 reassortant viruses bracketed that of rPR8 virus: of this group, the PR8 NL602 MϩNAϩHA virus showed the most efficient growth and the two strains carrying the NL602 NA but the PR8 HA grew very poorly, presumably due to an HA-NA imbalance. It is interesting, however, that the inclusion of the NL602 M with the NL602 NA enhanced growth over the single-gene reassortant with only the NL602 NA segment.
Growth and contact transmission in the guinea pig model. In the guinea pig model, the wild-type rNL602 virus transmits with high efficiency (Fig. 3A and 4A) (51, 52) , while the wild-type rPR8 strain does not transmit ( Fig. 3B and 4B) (9) . With the aim of understanding the contribution of the pandemic M, NA, and HA segments to the transmissible phenotype of rNL602 virus, the transmissibility of the five PR8-NL602 reassortant viruses was evaluated in a guinea pig contact model. As shown in Fig. 3C , at an inoculum dose of 1,000 PFU, the fully transmissible phenotype of rNL602 virus was recapitulated by inclusion of the pandemic M, NA, and HA segments in the PR8 background. Consistent with the previous report of Chou et al. (9) , we found that inclusion of only the NL602 M segment in the PR8 background also led to a marked improvement in transmission: with 16 transmission pairs, this virus transmitted to 75% of contact guinea pigs ( Fig. 3E and F) . A critical role for the NL602 M segment was further confirmed by the efficient transmission of the PR8-based virus containing M and NA segments from NL602, which transmitted to 8 out of 12 contact animals ( Fig. 3D) , as well as by the poor transmission of the PR8 and PR8 NL602 HAϩNA viruses ( Fig. 3B and H) . The PR8 NL602 NA virus transmitted to four out of eight animals (Fig.  3G ). In addition to increased transmissibility, the inclusion of the pandemic M segment, NA segment, or both segments significantly improved growth (P Ͼ 0.05) of the PR8-based viruses (as assayed on day two postinfection) relative to the parental rPR8.
The ability of the viruses to transmit from a lower inoculation dose of 100 PFU next was examined in the guinea pig model. Under these more stringent conditions, the PR8 NL602 MϩNAϩHA virus was again found to transmit efficiently (Fig.  4C) , while the PR8 NL602 MϩNA, PR8 NL602 M, and PR8 NL602 NA viruses each retained the ability to replicate and trans-mit ( Fig. 4D and E) , albeit with reduced efficiency relative to the PR8 NL602 MϩNAϩHA virus. In contrast, the PR8 and PR8 NL602 HAϩNA viruses failed to transmit at this inoculum dose ( Fig. 4B and G) .
Neuraminidase activity of reassortant viruses. As neuraminidase activity has been reported to be important to the transmissibility of influenza virus in guinea pigs (53, 54) , we wished to test whether the NA activity of the transmissible viruses differed from those of the nontransmissible strains. Since the M segment is central to the transmissible phenotype, we focused on viruses that differ genetically only in the M segment. Two subsets of viruses, each possessing the same NA segment, were compared: (i) PR8 versus PR8 NL602 M virus and (ii) PR8 NL602 HAϩNA versus PR8 NL602 MϩNAϩHA virus. In each case, inclusion of the pandemic M segment in place of the PR8 M segment was found to increase the neuraminidase activity associated with a standardized quantity of virions ( Table 1 ). The sequence of each NA segment was verified to confirm that the observed changes in neuraminidase V max were not due to mutations that had arisen in the NA segment. In addition, while the V max of preparations possessing the pandemic M segment were increased relative to those possessing the PR8 M segment, the K m was similar, suggesting no change in affinity of the neuraminidase protein for substrate. The increased V max of viruses possessing the pandemic M segment suggests a mechanism through which M1 and/or M2 could alter virus fitness and transmission.
Morphology of reassortant viruses. We next wished to ad- dress the mechanism by which M1 and/or M2 affects NA activity. Since spherical and filamentous virus particles differ greatly in the surface area of the (neuraminidase-containing) viral envelope, we hypothesized that changes to virion shape are associated with changes to virion-associated neuraminidase activity; therefore, we examined the morphology of virus particles produced by each virus in our panel. As expected based on previous reports (29, 55) , the rPR8 virus produced spherical or small ovoid particles almost exclusively ( Fig. 5C and D) . Also consistent with published data on 2009 pandemic strains (34, 56) , the rNL602 virus was highly filamentous (Fig. 5E and F) , particularly when imaged associated with a cell monolayer. Negative-stain transmission electron microscopy of released rNL602 virus, concentrated through ultracentrifugation with a sucrose cushion, revealed a wide range of virion shapes, including filaments and spheres. While it is typical, even for a filamentous influenza virus, to see spherical virions by this method (32) , the larger spheres and irregular shapes observed most likely are cellular debris and filaments that were damaged during preparation of the concentrated sample. Imaging of the PR8 NL602 MϩNAϩHA virus by cell-associated transmission electron microscopy revealed robust filament formation, similar to that seen with the rNL602 virus (compare Fig. 6A and B to 5E and F). When the NL602 M segment alone was included in the PR8 background, filamentous virus particles were produced ( Fig.  6C and D) , but to relatively lower levels of prevalence than the PR8 NL602 MϩNAϩHA reassortant (P Ͼ 0.05 by difference of proportions test). Interestingly, the NL602 NA alone was also found to confer a partially filamentous morphology to the PR8-based virus, PR8 NL602 NA ( Fig. 6E and F) . In contrast, while the PR8 HAϩNA virus produced a number of filaments, these were typi- cally shorter in length than the PR8 NL602 NA virus (Fig. 6G to H and Table 2 ). The relative proportions of spherical (Ͻ300 nm) and filamentous (Ͼ300 nm) virions produced by each virus, as visualized by negative-stain TEM of released virus ( Fig. 7) and TEM of infected MDCK cells, are summarized in Table 2 . The results of these sizebased particle counts clearly show quantitative differences among the virus strains in the prevalence of filaments.
In summary, the NL602 M and NA segments individually, or in combination, conferred various degrees of filamentous virion morphology to PR8 virus. The M, NA, and HA segments from NL602 together generated a morphological phenotype which was highly similar to that of the full-length wild-type NL602 virus. Of significant interest, a strong correlation between the prevalence of filamentous particles greater than 300 nm and efficiency of contact transmission was observed ( Table 2) . Thus, our data suggest a model in which pandemic M1 and/or M2 leads to increased virion-associated NA activity on a per-virion basis and, as a result, heightened transmissibility by favoring the production of longer filamentous virions than the parental PR8.
DISCUSSION
We have shown that a recombinant PR8-based influenza virus, possessing the M, NA, and HA gene segments from the pH1N1 strain A/NL/602/09, is capable of efficient contact transmission in the guinea pig model from low-dose inoculation. This transmission was indistinguishable from that of wild-type recombinant A/NL/602/09 virus. Consistent with previously published data (9), our evaluation of single-gene reassortants indicated that the M segment of the pandemic strain is critical, and the NA segment of the pandemic strain contributes independently to the transmission of a PR8-based virus in the guinea pig model. Interestingly, wild-type NL602 virus and the PR8 NL MϩNAϩHA virus retained optimally efficient transmission among guinea pigs upon reduction of the inoculation dose to 100 PFU. In contrast, the PR8 NL M, PR8 NL MϩNA, and PR8 NL NA viruses demonstrated decreased transmission under these more stringent conditions, suggesting that each of the HA, NA, and M segments derived from NL602 contribute to the optimal transmission of the PR8-based virus. Neither the PR8 nor the PR8 NL HAϩNA virus was transmitted from guinea pigs infected at 100 PFU. Examination of transmission from low dose is a valuable experimental tool for dissecting relative transmission efficiencies. In addition, we suggest that this assay is biologically relevant: the ability of a virus to transmit efficiently from a host infected at a low dose would be a highly advantageous biological trait, likely conferring an important selective advantage at a population level.
Of note, Ma and colleagues (12) have shown that, in a swine influenza virus background, strains individually possessing either the 2009 pandemic M or NA segment grew to lower titers than parental virus, either in vitro (in MDCK cells) or following intratracheal inoculation of swine at a dose of 10 6 50% egg infectious doses (EID 50 ). However, in each substrate, the reassortant strain containing both the M and NA segments replicated to higher titers than the parental swine virus. In vivo, the MϩNA virus also subsequently transmitted among swine. A virus possessing pandemic M, NA, and HA segments in the parental background was not tested in that study.
The level of neuraminidase activity exhibited by particular influenza virus strains has been shown to affect transmission effi- ciency in both guinea pig and ferret models (57) . In addition to the observation that HA/NA balance is critical for the transmission of the 2009 pandemic virus (10), a number of research groups have demonstrated that mutations that confer resistance to NA inhibitors and reduce the NA activity of the virus also resulted in decreased transmission (53, 54) . These resistance mutations can affect both the replication and transmission of influenza viruses carrying them (58, 59) . In some cases, however, viruses possessing NA inhibitor-resistant phenotypes nonetheless transmit efficiently, and permissive changes elsewhere in the NA gene (60) , as well as the overall gene constellation, appear to play a role in supporting transmission of these viruses (57) .
We have also found that transmission correlates with increased NA activity. Interestingly, this trend is clear even between virus pairs that carry identical NA genes and differ only in their M segment. Thus, we have shown that the NA activity of influenza virus particles is dependent on the M segment. We suggest that this effect is mediated through virion morphology and that transmission, NA activity, and virion morphology are linked.
It is not conclusive from our data that the observed increases in NA activity conferred by the inclusion of the NL602 M segment, in place of the PR8 M, are biologically relevant. It is possible that as the NA activity increases, presumably through increased incorporation of NA, a concomitant increase in HA molecules results in particles that maintain an overall balance between HA and NA. However, we have not assessed incorporation levels of HA or NA in the virions biochemically, and our data do not allow us to assess whether levels of virion-incorporated HA and NA increase proportionately as the virion length increases. Furthermore, it is possible that proportionate changes in the levels of HA and NA would not be "functionally colinear," such that increases in avidity due to increased levels of virion-associated HA occur at a different rate than increases in receptor cleavage efficiency. These aspects of the virion biology remain to be investigated.
Among the viruses on our panel, strains producing long filamentous virions tended to transmit more efficiently among guinea pigs. Wild-type A/PR/8/34 virus, which is almost exclusively spherical, did not transmit. PR8/NL HAϩNA virus possesses mainly short filamentous or spherical virions and transmitted inefficiently. The inclusion of the NL602 M segment in the PR8 virus, which increased replication of the resultant virus in vivo and conferred 75% transmission at 1,000 PFU, also altered the proportion of virions longer than 1 m, from 0% in PR8 to 3.5% in PR8 NL M, as assessed by measurement of TEM images. The largely filamentous PR8 NL MϩNAϩHA and wild-type NL602 virions possess 4.3% and 2.7% of filaments greater than 1 m in length (as assessed by TEM), respectively, and both transmitted efficiently, even from an inoculation dose of 100 PFU. While we did not observe a strong correlation between shedding titers and transmission efficiency, those viruses that transmitted least efficiently (PR8 and PR8 NL NAϩHA) were shed to markedly lower titers than the remaining viruses.
A recent report by Subbarao and colleagues (11) involving reassortant virus strains possessing pH1N1 M and NA segments also supports a role for morphological changes in determining transmissibility. In that study, replacement of the pandemic M and NA segments with those from a swine-adapted virus resulted in a loss of respiratory droplet transmissibility from ferrets inoculated intranasally at 10 6.5 50% tissue culture infectious doses (TCID 50 ). This nontransmissible strain also exhibited a spherical morphology.
In trying to understand how the M segment impacts transmissibility, our data do not allow us to separate the effects of M on morphology and NA activity. Nevertheless, we favor a model in which changes to morphology allow modulation of NA activity and, in turn, transmissibility over the alternative model in which virion shape is an independent determinant of transmission.
Several previous studies have demonstrated that the gene products of the M segment affect the morphology of the influenza virion (28, 29, 31, 32) . Elleman and Barclay (29) reported that differences in morphology between (i) the laboratory-adapted strains A/PR/8/34 and A/WSN/33 and (ii) the human isolate A/Victoria/3/75 could be mapped to the matrix protein, in particular M1 residues 41, 95, and 218. Similarly, Bourmakina and Garcia-Sastre (28) identified M1 residues 95 and 204 as morphology determinants. Roberts and colleagues reported that amino acids in both the matrix and M2 proteins affect virion morphology (32) , again including M1 residue 41. The matrix proteins of PR8 and NL602 have 13 amino acid differences (95% identity), while the M2 proteins of the strains differ by 14 amino acids (86% identity). We have not mapped the specific residues that are responsible for the observed phenotypes in the present study, but among the changes, M1 residue 41, as well as residues 207, 209, and 214 (which map close to residue 218, also identified by Elleman and Barclay [29] ), differ between the PR8 and NL602 strains.
The NA protein of influenza virus has been reported to interact with the M1 protein through its cytoplasmic tail and transmembrane regions (61, 62) . Furthermore, Mitnaul and colleagues (63) have shown that deletion of the NA cytoplasmic tail can alter the morphology of influenza virions, suggesting that NA-M1 interaction affects morphology. Notably, no amino acid differences exist in the NA cytoplasmic tail domains of PR8 and NL602, suggesting that amino acid residues in the transmembrane domain of NA are responsible for the changes in morphology observed upon replacement of the PR8 NA with that of NL602. There are 8 amino acid polymorphisms between the two transmembrane domains, as well as additional differences present in the membrane-proximal stalk region of the two proteins.
In sum, our data reveal a previously unappreciated mechanism through which the M segment can tune the receptor-destroying activity of influenza virus. We suggest that M1-or M2-mediated changes to morphology could alter NA V max through alterations in NA incorporation, distribution, or presentation at the virion surface. We also show that cognate (NL602) M, NA, and HA segments confer more efficient transmissibility than a matched (PR8) HA and NA combined with the NL602 M segment. The M-NA functional interaction we describe appears to underlie the prominent role of the 2009 pandemic M segment in supporting efficient transmission and may be a highly important means by which influenza viruses restore HA/NA balance following reassortment or transfer to new host environments.
